Manual pocket depth probing has been widely used as a retrospective diagnosis method in periodontics. However, numerous studies have questioned its ability to accurately measure the anatomic pocket depth. In this paper, an ultrasonic periodontal probing method is described, which involves using a hollow water-filled probe to focus a narrow beam of ultrasound energy into and out of the periodontal pocket, followed by automatic processing of pulse-echo signals to obtain the periodontal pocket depth. The signal processing algorithm consists of three steps: peak detection/characterization, peak classification, and peak identification. A dynamic wavelet fingerprint (DWFP) technique is first applied to detect suspected scatterers in the A-scan signal and generate a two-dimensional black and white pattern to characterize the local transient signal corresponding to each scatterer. These DWFP patterns are then classified by a two-dimensional FFT procedure and mapped to an inclination index curve. The location of the pocket bottom was identified as the third broad peak in the inclination index curve. The algorithm is tested on full-mouth probing data from two sequential visits of 14 patients. Its performance is evaluated by comparing ultrasonic probing results with that of full-mouth manual probing at the same sites, which is taken as the "gold standard."
INTRODUCTION
Most adults have a mild form of periodontal disease, while over 20 percent of older Americans have severe periodontal disease [1, 2, 3] . Periodontal disease involves the loss of tooth connective tissue (attachment) with subsequent destruction of tooth-supporting bone, leading to loss of teeth. In addition to being a major cause of tooth loss, periodontal disease has recently been associated with several systemic diseases. Animal and population-based studies have demonstrated an association between periodontal disease and diabetes, cardiovascular disease, stroke, and adverse pregnancy outcomes [4, 5, 6] . Despite the widespread problem of periodontal disease today, currently available diagnostic tests are limited in their effectiveness. None is a completely reliable indicator of periodontal disease activity and the best available diagnostic aid, probing pocket depths, is only a retrospective analysis of attachment already lost [7, 8, 9, 10, 11, 12, 13] . In traditional probing, which is now routinely done in the general dentistry office [14] , a metal probe is inserted between the soft tissue of the gingival margin (gum line) and the tooth. Using fixed markings on the probe, the depth of probe penetration is typically measured relative to the gingival margin.
Numerous studies have questioned the ability of the periodontal probe to accurately measure the anatomic pocket depth [15, 16, 17, 18] . The degree of probe tip penetration may be influenced by factors such as thickness of the probe, pressure applied, tooth contour, tooth position, presence of calculus, degree of periodontal inflammation, and the actual level of connective tissue fibers [19, 20, 21, 22, 23, 24] . As a result, probing measurements may overestimate attachment loss by as much as 2 mm in untreated sites, while underestimating attachment loss by an even greater margin following treatment [25, 26] . The development of automated, controlled-force probes has reduced some of the operatorrelated error and subjectivity inherent in manual probing techniques [27, 28, 29, 30] . However, standardized probing forces do not address anatomic and inflammatory factors [31, 32] .
The first tests of ultrasonic imaging of the periodontal space attempted to image the crest of the alveolar bone by aiming the ultrasound transducer perpendicular to the long axis of the tooth [33, 34, 35] . While these efforts proved the feasibility of ultrasonic imaging in dentistry, this version of the technique could not detect periodontal attachment loss, and failed to gain clinical acceptance. Recently, researchers have begun exploring new uses of ultrasound in dentistry [36, 37, 38, 39] and studies have been conducted using ultrasound to image the periodontal pocket space by aiming the transducer apically into the pocket from the gingival margin [40, 41, 42, 43, 44, 45, 46] . The major technical barrier to this approach is providing an efficient coupling medium for the ultrasonic wave into the thin (0.25-0.5 mm) periodontal pocket. The probe described by Hinders and Companion uses a slight flow of water to couple the ultrasound wave into the pocket space. A hollow tip placed over the transducer narrows the ultrasonic beam, so that the beam is approximately the same width as the opening into the sulcus at the gingival margin.
The ultrasonic probe works by projecting a narrow, highfrequency (10-15 MHz) ultrasonic pulse into the gingival sulcus/periodontal pocket, and then detecting echoes of the returning wave. The time series return signal (A-scan) can then be converted into a depth measurement by multiplying the time of arrival of the return signal by the speed of sound in water (1500 m/s) and dividing by two (since the signal travels into the pocket and back). Ultrasonic probing is entirely painless, is as fast as manual probing, and has the potential to yield much more diagnostic information by providing the dentist and patient with a graphical representation of changes in pocket depth. However, due to the inherent complexity in the way ultrasonic waves interact with the inner structure of periodontal anatomy, it is unrealistic to train a dental hygienist to read out the pocket depth by watching and interpreting the echo waveform. Automated interpretation of these echoes is what enables a practical clinical system.
As an initial effort to automate interpretation of the echoes, a time-domain procedure was developed to simplify the waveforms and infer the depth of the periodontal pocket [44, 45, 46] . This procedure used a slope-detection algorithm to pick peaks in the A-scan signal, followed by smoothing and averaging operations to eliminate small random variations. The pocket depth was then inferred by dividing the simplified waveform into three regions and assuming the second transition from weaker peaks to noise is the estimation of the bottom of the periodontal pocket. Unfortunately, in many cases it was difficult or even impossible to define such three distinctive regions based on the echo amplitude. Even if the second transition point can be called out in some way, the depth of the periodontal pocket can only be inferred from it approximately. To overcome these limitations, information other than echo amplitude should be used to develop sensitive and reliable models to estimate the bottom of the periodontal pocket. The wavelet transform (WT) can be constructed as a bank of matched filters if the mother wavelet is chosen to be an efficient representation of the input signal itself, so it has been widely used to solve detection/estimation problems [47, 48, 49, 50, 51] . As a multi-resolution analysis approach, the WT is also an effective method to extract significant information from dynamic signals, which is often the key in automated signal classification applications [52, 53, 54, 55, 56] . To take advantage of this potential of the WT, a dynamic wavelet fingerprint technique [57] was adapted to develop a signal processing algorithm for the ultrasonic periodontal probe. In this approach, potential scatterers are first detected by picking peaks in the scale-averaged power (SAP) curve. A two-dimensional black and white pattern, called a DWFP, is then generated at each peak location to characterize the local transient signal. A two-dimensional FFT procedure is then applied to generate an inclination index for each DWFP pattern. The bottom of the periodontal pocket is then estimated from the third broad peak of the inclination index curve. This paper is organized as follows. In Section 2, the experimental device and procedure are described. The algorithm used in this work is discussed in Section 3. The results are presented in Section 4. A discussion and conclusion is given in Section 5.
CLINICAL INSTRUMENT AND SIGNALS
The ultrasonic periodontal probe shown in Figure 1 is operated using a portable computer system. The probe itself includes a 10 MHz piezocomposite transducer with a 2-mmdiameter active area. The transducer is housed within a contra-angled handpiece at the base of a hollow conical tip. The tip is designed to narrow the ultrasonic beam profile to 0.5 mm and to provide an area for water to sustain the ultrasonic wave and carry it into the periodontal pocket. Figure 2 illustrates how the ultrasonic probe is used to explore the periodontal pocket. A stream of water is used as a couple to launch ultrasound energy into the periodontal pocket. The ultrasound wave interacts with the periodontal tissue and echoes carry relevant information back to the transducer. During operation, the ultrasonic probe is held in a pose similar to manual probing but with its tip touching the gingival margin. The ultrasonic probe is held in place momentarily at each of the standard probing locations to acquire a series of ultrasonic A-scan signals that are digitized and saved in the computer for later analysis. Water flow and data acquisition are automated via foot pedal control. At Valley Periodontics, Appleton, Wisconsin, 14 patients were examined both by hand and by the ultrasonic instrument on two visits scheduled three months apart. For each patient, full-mouth probing was carried out, first by hand and then by the ultrasonic instrument. For each of up to 32 teeth for each patient, a periodontist performed probing at 6 sites (facial distal, facial middle, facial mesial, lingual distal, lingual middle, and lingual mesial), providing up to 192 corresponding ultrasonic and manual probing measurements per patient.
A typical A-scan signal obtained is shown in Figure 3a . The horizontal axis represents the time from 0 to 20.48 microseconds at 100 MHz sampling rate. The vertical axis represents normalized voltage on an arbitrary scale digitized at 12 bits. The strong reflection region before point 2.5 microseconds arises from the echoes internal to the probe tip. After point 2.5 microseconds, it is the signal from the periodontal anatomy. We conclude this from a variety of phantom experiments as well as numerical simulations of the ultrasound propagation inside the tip that the first two are features of the tip and the third is from the anatomy. The work of Lynch [44] simulated and verified experimentally with phantoms and cadaver jaws what was due to the tip and what was due to the anatomy. Of course the results presented here will not definitively answer the question of some of what we are seeing is not the pocket base but instead calculus, tooth features, bone, and so forth. Future work is planned that should answer that and related questions definitively, via dog models as well as human testing where the gold standard is provided via ultrasonic scanning just prior to flap surgery or en bloc surgery followed by histological sectioning. Those studies will also help to understand other potential sources of probing error in addition to vertical position error.
ALGORITHM DEVELOPMENT
A flowchart of the proposed algorithm is shown in Figure 4 , which involves three main steps: peak detection/ characterization, peak classification, and peak identification. A so-called dynamic wavelet fingerprint (DWFP) technique [57] was recently introduced by two of the authors. It consists of peak detection operation followed by peak characterization. The basic idea is to generate a simplified and intuitive two-dimensional pattern in time-scale domain for each detected transient signal, so that significant features can be extracted directly by watching the patterns or by using a modern pattern recognition technique. These features then can be used to identify specific signal of interest. The algorithm is explained as follows.
First, the scale-averaged wavelet power (SAP) proposed by Georgiou and Cohen [52] is calculated, that is,
where W(s j , n) are the continuous wavelet coefficients at scale s j and position n, that is, Here f (t) is the echo waveform and ψ is a mother wavelet.
The results obtained by (1) are smoothed by a median filter to generate a SAP curve. SAP peaks are then picked out wherever the sign of the first derivative of the SAP curve changes from positive to negative as shown in Figure 3b . According to Georgiou and Cohen, the significant SAP peaks correspond to coherent scatterers that can be differentiated from the diffuse background. Assuming that the bottom of the periodontal pocket belongs to such coherent and resolvable scatterers, and that it can be detected as one of the SAP peaks, the question now is how to differentiate it from other scatterers.
To suppress noise and high-frequency interference that may cause distortion of the DWFP pattern generated later, a pruning procedure [58] based on the stationary wavelet transform [59] was applied on the original A-scan signal
where W S (a, b) is the stationary wavelet coefficients at scale a and time b, that is, the wavelet coefficients at small scales are set to zero, which removes the highest frequencies. Next, a continuous wavelet transform is performed on the pruned A-scan signal using the Morlet wavelet [60, 61] :
where the constant C is used for normalization. Different choices for the mother wavelet will, of course, give different DWFPs [57] with some better highlighting features of interest in the signals under study than others. For the ultrasonic periodontal probing data, the Morlet wavelet seems to give DWFP sequences dominated by "loop" features with varying inclination, which can be quantified in an automatic way. For each peak in the SAP curve, the wavelet coefficients in its neighborhood are normalized into the range of [−1, +1] and then projected onto the time-scale plane to generate a two-dimensional black and white pattern [57] . A typical DWFP sequence obtained is shown in Figure 5 . In each frame of the sequence, time is the horizontal axis and wavelet scale is the vertical axis. This gives an abstract two-dimensional representation which allows "patterns" in the data to be recognized even when none are evident in the one-dimensional waveforms.
By observing many sets of DWFP sequences carefully, we noted that these DWFP patterns change their inclination regularly, that is, from left inclined to upright and to right inclined, and repeating. A two-dimensional FFT-based approach was designed to quantitatively characterize such variations. Figure 6 shows three typical DWFP patterns from such a sequence along with their corresponding two-dimensional FFT images. For the right-inclined DWFP, it can be seen that its image is left diagonally dominated, that is, there are more bright pixels at the top-left and bottom-right corners than at the top-right and bottom-left corners. On the contrary, for the left-inclined DWFP, its image is right diagonally dominated. For the upright DWFP, its two-dimensional FFT image is almost symmetric.
Based on these observations, each two-dimensional FFT image is divided into two pairs of quadrants as shown in Figure 6d . An inclination index Ix is defined as the ratio of the number of white pixels in the shaded quadrants to that in the unshaded quadrants. The DWFP sequence is then mapped into an Ix curve as shown in Figure 3c . The regular variation of the DWFP is thus displayed as identifiable peaks and valleys.
To better explore the relationship between this intuitive pattern variation and the complex physics behind it, the same system was used to probe a simplified phantom built in a block of steel with holes of different depths (Figure 7 ). This sort of phantom is typically used to calibrate new automatic periodontal probes, and although it does not represent all of the complicated periodontal pocket anatomy, it does provide us with an ultrasonically well-characterized system with which we can be certain that our algorithms are isolating true ultrasonic echoes from noise/artifacts inherent in the probing measurement. Figure 8 illustrates an A-scan signal and its corresponding processing results. In the Ix curve, similar peaks and valleys can be seen as in Figure 3c . It is clear that the first significant peak corresponds to the reflection from the probe tip at about point 2.5 microseconds, and the third significant peak is close to the reflection from the bottom of the hole, which here is 5 mm. As for the second significant peak in between, it is assumed to be caused by the interference of the water flow and the reflections of the wall of the hole. Accordingly, a qualitative explanation is proposed to describe the regular peaks and valleys in the Ix curve of the ultrasonic periodontal probing signal (shown in Figure 3c ), the first significant peak arises from the probe tip, the second significant peak may be caused by the tooth surface, and the third significant peak may correspond to the bottom of the periodontal pocket. After the location of the bottom of the periodontal pocket is estimated as above, the pocket depth is calculated as the product of the time delay from the probe tip and the speed of ultrasound in water (1.5 mm/µs), then divided by two.
RESULTS
A Matlab (The MathWorks, Inc.) program was developed to process full-mouth ultrasonic probing data of 14 patients acquired during two clinical sessions. It works in off-line mode and runs automatically until all of the digitized A-scan signals are processed.
Because of the lack of any ideal standard to compare with, we take the manual probing result as the "gold standard" and compare it with ultrasonic probing, keeping in mind that an accuracy of ±1 mm for manual probing is perhaps being generous.
Firstly, ultrasonic probing readings are compared with manual probing readings at each probing site. If we allow, for the "error bar" of ±0.5 mm, ±1.0 mm, and ±1.5 mm, respectively, the agreement ratio (number of ultrasonic probing measurements within the "error bar" divided by the number of total ultrasonic probing results) is about 20%, 40%, and 60%, correspondingly, as shown in Figure 9 .
Statistically, the agreement between ultrasonic probing and manual probing was evaluated by the Bland-Altman method [62] .
As an example, a plot of the difference between the methods and their means was drawn for patient 2, May 18, in Figure 10 . It seems that the difference does not increase with the mean. The regular gaps are due to integer measurements 
According to Bland and Altman, about 95% of differences will lie between these limits. In other words, the ultrasonic probing depth may be 2.6 mm below or 2.4 mm above the manual probing depth. Tables 1 and 2 . Taking the nonzero d into consideration, the limits of agreement are generally in the range of ±3 mm. This may indicate a lack of agreement between ultrasonic probing and manual probing, which could be caused by several factors. The specific anatomical features measured by the two methods may be different; the probing site and angle may not be exactly the same, and so forth [63, 64, 65, 66] . Of course, it may arise also from the model used in the algorithm. As mentioned above, the regular variation of the inclination of the DWFP patterns is motivated by simulations, cadaver jaw studies, and an experiment on a steel block phantom, which is not entirely representative of the problem at hand, even though it does eliminate the sizeable error in the manual probing gold standard. To better understand the regular variation of the DWFP patterns, a more accurate model should be developed guided by systematic clinical experiments carried out in the future. 
CONCLUSION
An ultrasonic periodontal probing instrument is being developed. It uses a hollow water-filled tip to couple the ultrasound energy into and back out of the periodontal pocket, thus probing the periodontal anatomy by a non-invasive, painless, and automatic technique. A key to automation of the probing is an ultrasonic signal processing algorithm for the periodontal probing instrument, which uses a dynamic wavelet fingerprint technique to detect and characterize the transient signals that arise from each suspected scatterer and estimate the location of the echoes corresponding to the bottom of the periodontal pocket.
Clinical data from 14 patients have been processed with the proposed algorithm. Site-by-site comparison shows about 40% agreement ratio between ultrasonic and manual probing at the tolerance of ±1.0 mm. Statistically, however, lack of agreement between ultrasonic and manual probing was found in terms of the limits of agreement proposed by Bland and Altman. It may arise from the model used in the algorithm and further research is necessary to develop more accurate phantom and understand the physics behind the intuitive variation of the DWFP patterns. In other work using variations of this DWFP technique [67, 68, 69] we have found that choosing the best mother wavelet allows interesting patterns to be highlighted in the resulting DWFP which are then amenable to automated interpretation.
We have planned for the future additional studies which will enroll much larger numbers of patients. We note that with 32 teeth per patient and six probing sites per tooth 14 patients tested twice gives around 5000 individual direct comparisons between manual and ultrasonic probing. The site-specific nature of periodontal disease makes those independent comparisons. For example, a 500-patient study would give about 50 000 such comparisons. Future studies are also planned that are perhaps closer to an ideal test, via dog models as well as human testing where the gold standard is provided via ultrasonic scanning just prior to flap surgery or en bloc surgery. Those studies will also help to understand other potential sources of probing error in addition to the vertical position error considered here. We have also planned tests which would ultrasonically probe condemned teeth prior to extraction. It will be important to also continue to compare with standard manual (and controlledforce) probing so that we understand how this new measurement correlates with what is standard practice clinically now.
